Introduction
Archaeoseismological research commonly focuses on establishing a link between damages to archaeological building structures (e.g. tilted, toppled blocks, disorientation of structures, fallen columns, etc.) and ancient or younger earthquakes. The main challenge lies in separating seismic-related damage from other, natural or human, causes for destruction. Archaeoseismology is faced with the difficulty that constructions are either too intensely deteriorated, or that damage is too indistinct to give any detailed information on its nature. Because of a poor spatial and temporal resolution, amalgamation or duplication of seismic events is a well-known pitfall (Guidoboni 2002 , Ambraseys et al. 2004 . Therefore, the most reliable results of an archaeoseismological investigation are obtained by the application of modern geoarchaeological practices (archaeological stratigraphy plus geologicalgeomorphological data), augmenting a quantitative approach and (if available) historical information (Galadini et al. 2006) . Data obtained from archaeoseismological investigation can be either qualitative or quantitative. By qualifying damage to archaeological structures, an earthquake magnitude can be estimated based on the Medvedev-Sponheuer-Karnik (MSK) scale (Medvedev et al. 1964) or the modified Mercalli (MM) scale (Wood & Neumann 1931) . However, the assessment of earthquake magnitude is imprecise and often based on a presumed analogue with earthquake effects on modern man-made structures (e.g. Karcz & Kafri 1978 , Altunel 1998 .
Recent engineering seismological models can be used to test the hypothesis if the observed building damage is of seismogenic nature by seeking a systematic relation between building response and the seismic source or ground motion (e.g. Hinzen 2005) , and to test the archaeoseismic hypothesis (Galadini et al. 2006) . Quantitative data can be grouped as either directional or spatial and can be applied for the purposes of geophysical engineering or kinematic analysis. Directional data include the sense of slip on faulted archaeological relics and can be used (in a similar fashion as in paleoseismology) as supplementary information to discover previously unknown earthquakes (Galli & Galadini 2001) . On the basis of the amount of offset and age of displaced structures, a realistic value of earthquake magnitude and a rough evaluation of the recurrence time can be obtained. In addition, information on faulted relics (fault direction and offset direction) can be treated as fault-kinematic data and as such be used for strain analysis (e.g. Hancock & Altunel 1997). The parallel direction of fallen columns is often used as an indicator for earthquake damage (Stiros 1996) . Nur and Ron (1996) suggested a relationship between ground motion and fall direction, where the latter is an indicator of the direction of fault-rupture propagation. However, the behaviour of columns during shaking is very complex and depends on different physical parameters, such as ground motion, material characteristics, and type of building foundation (Ambraseys 2006). Numerical modelling studies show that the fall direction of single standing columns is highly chaotic and can be influenced by small anisotropies in constructional elements or variations of the ground motion (Hinzen 2009). Up until recently, spatial data of archaeological sites were mostly unavailable, but they are now easier to acquire as a result of the arrival of high resolution laser detection techniques. Spatial data provide information on the position of archaeological relics, such as walls and floors. Such positional data alone is informative, but data treatment can reveal information on tilt, torque, and dislocation of building elements. This type of information is elementary in establishing links between damage and faulting and may find its way in future finite-element simulation and reconstructions as well. Here, data obtained by LIDAR (light detection and ranging system) are tested against conventionally obtained data in order to test the hypothesis of faulting-induced tilting of the Roman theatre at the archaeological site of Pınara.
Tectonic setting

Neotectonics of SW-Turkey
Turkey is characterized by complex neotectonic deformation that is predominantly related to the convergence of Africa and Eurasia. The North and East Anatolian fault systems are the most prominent structures that accommodate the collision of the African plate's Arabian promontory with Eurasia (e.g. Barka & Kadinsky-Cade 1988 , Westaway 1994 , Armijo et al. 1999 , ten Veen et al. 2009 ). South-western Turkey is transected by numerous faults that are thought to connect southward with major fault zones associated with the Hellenic subduction zone (Eyidoğan & Barka 1996 , ten Veen & Kleinspehn 2002 , 2003 , ten Veen et al. 2004 
5.2.2
Recent earthquake activity in SW Turkey The Fethiye-Burdur Fault Zone has been attributed one of the highest seismic hazard designations in Turkey, based on the concentration of recent and historical seismicity in the area (see Fig. 32B ), comparable to regions situated along the North Anatolian fault zone. Instrumental data show that most earthquakes in southwestern Turkey have a shallow focal depth (< 15 km), suggesting that they are not related to African subduction, but to upper-crustal deformation instead. Subcrustal-and intermediatedepth earthquakes related to subduction occur mostly offshore, south of Rhodes and Cyprus islands, close to the Hellenic -Cyprus arc system (Ambraseys 2001 , Tan et al. 2008 . (Pınar & Lahn 1952 , Ergin et al. 1967 , 1971 , Soysal et al. 1981 , Güçlü et al. 1986 , Ambraseys & Finkel 1995 , Ambraseys & Jackson 1998 Rectangle is enlarged in Figure 34 .
In spite of the high seismic potential (Erdik et al. 1999) , the Fethiye-Burdur Fault Zone is seismically defined by weak to moderate (M ≤ 6) earthquakes only. Large earthquakes occur only at the northeastern and at the offshore southwestern extremities (Rhodes 1957 , offshore Turkey 1926 , 1969 , 1975 , 1980 , and 2001 . The entire central segment of the Fethiye-Burdur Fault Zone is seemingly seismically quiescent; however, damage to some historical sites in the region, including Sagalassos ( 
5.3
The Pınara site
5.3.1
The Eşen Basin The NE-trending Eşen Basin is the southernmost of several extensional basins located in the FethiyeBurdur Fault Zone (Figs. 32 and 33) . It is approximately 15 km wide and 30 km long and is formed behind the front of the Lycian Nappes close to the contact with the Beydağları autochthon (Fig. 33) . The Lycian Nappes basement consists of ophiolitic rocks, limestones, and turbiditic sandstones ("flysch"). The basin is bounded and transected by a series of N to NE trending faults that have exercised important control on the character and distribution of sedimentary facies since the Late Miocene. Several E-W trending faults crosscut the basin and are suggested to be of Quaternary age (ten Veen 2004), although a relationship with deep-seated basement structures is not unlikely (ten Veen et al. 2009 ). The Neogene infill of the basin is up to 150 m thick and consists of alluvial fan, fluvial-deltaic and lacustrine deposits ranging in age from Late Miocene to Pliocene. Pleistocene conglomeratic terraces and alluvium overlie the basin fill with an angular unconformity (ten Veen 2004, Alçiçek 2007).
5.3.2
Geology of Pınara and surroundings The ancient city of Pınara is situated along the fault-controlled western border of the Eşen Basin, near the modern village of Minare. The archaeological site is spread over a 3 -4 km 2 area, where a variety of geological units are exposed (Fig. 34A ). The basement along the basin margin is characterized by a pre-late Miocene thrust contact between two limestone nappes. This contact is demarcated by a relatively thin flysch unit with exotic limestone blocks up to 50 m in width (Fig. 34B) . From the Late Miocene onwards, the thrust contact was down-faulted to the east along the basin-margin normal faults. The long faulting history is exemplified by tilted Upper Miocene fluvial deposits that abut against the marginal fault and that are unconformably overlain by gently tilted Pleistocene terrace deposits. The largest part of the city was built on a down-faulted limestone basement block, whereas tombs of the Acropolis were mainly carved in an approximately 80 m high, NE-SW trending fault face to the west (Fig. 35A ). This NE-oriented fault segment is well exposed and shows fault-plane undulations and striations that indicate a dip-slip normal sense of slip (Fig. 35B) . No archaeological remains are present on the basement flysch, which probably was used for agricultural purposes. The Roman theatre was built on a slightly westward-tilted Pleistocene terrace that rests on top of the flysch.
Archaeoseismological potential
The city of Pınara was founded by colonists from Xantos between the fifth and fourth century BC. It was one of the largest cities in the powerful Lycian league and located along the main Lycian road (Akurgal 1978) . Later, the city was under Roman and Byzantine control. An important event in the history of Lycia was the conquest by Alexander the Great in the winter of 334 -333 BC, after which Pınara accepted his domination (Bean 1978) . According to ancient accounts, Pınara received aid for the reconstruction of the city after these earthquakes (Guidoboni 1994 , Lang 2003 , Akşit 2006 . Eventually, the city lost its financial and geographic importance, and at the end of the 9 th century AD, the city was abandoned. Based on the historical earthquake database and substantiated by passed-on personal accounts, a severe earthquake struck the Pınara site in 1851 as well. A variety of damage features, including unidirectional tumbled column blocks, systematic dislocation of building stones, completely tilted objects, and even faulted remains, attest to earthquake-related phenomena. Many walls and buildings in the agora are strongly disturbed and often show typical sinuous arrangements of ejected building blocks with gaping joints in between. The northern temple wall shows a combination of polygonal Hellenistic and rectangle-shaped Roman masonry, indicating that the wall was reconstructed under Roman control (i.e. after 46 AD; Wurster & Wörrle 1978). The severe damage, dislocation, and rotation of both types of masonry show that this building suffered from a later earthquake as well. In addition, the vertical cracks and joints of numerous beams, door frames, and window frames are consistent with extension related to horizontally oscillating ground motion. Overall, the archaeological relicts in the ancient city of Pınara exhibit damages that are expected to be caused by earthquake(s) with intensities between VIII and IX according to the MSK scale. Given that historical accounts do not mention any devastating war in the history of Pınara, the structural damage would appear likely to have been produced by earthquakes reported by ancient literary sources. In the following sections, detailed analyses and interpretation of such structural damage are described.
5.5
Quantitative assessment of damage 5.5.1 Methods In order to test the value and merits of directional data versus spatial data in recording suspected archaeoseismic evidence, the Roman theatre of Pınara was surveyed using both a conventional geological compass and a laser scanning tool. While, the attitude (dip directional and dip angle) of the seating rows in the theatre was measured at 103 locations with a geological compass, a ground-based LIDAR system was used to map the entire theatre. Ground-based LIDAR is widely applied in research and industry because of its high efficiency, ease of use, and the fact that its accuracy far exceeds that of conventional measuring techniques. Its first application in a neotectonic setting was during the palaeoseismological trench logging of the San Andreas Fault zone (Niemi et al. 2004 ). More recently, it has been also used for archaeoseismological research to determine and analyze the deformation due to active faulting (Karabacak et al. 2007 (Karabacak et al. , 2008 . Although both ground-and air-based LIDAR have been used by archaeological researchers before (e.g. Devereux et al. 2005 , Lambers et al. 2007 , Frischer & Dakouri-Hild 2008 , it was mostly used as a high precision photo-mapping tool. In this study, we take advantage of the high resolution quantitative data set it produces to objectively demon-strate damage and dislocation to archaeological structures.
The LIDAR instrument used here was an Optech ILRIS-3D with a class 1 laser at 1500 nm wavelength, integrated digital camera, and data sampling rate of 2500 points per second. It has a high data rate and large dynamic range from 3 m to 1500 m (Optech 2006). The complete equipment consisted of a LIDAR instrument, a tripod, a laptop, and four heavy batteries as energy supply (Figs. 36A-C) . The scanning duration in the field depends on scanning resolution and range, size of the scanned image or landscape, and eventually the capacity of batteries. The basic principle of operation is that the laser light is directed at the object, and the bidirectional time is measured and converted into a distance. The reflection points are accurately positioned in the space using the distance and the laser-beam angle (Bonnaffe et al. 2007) , providing a point cloud with 3D information for the scanned object. The theatre was scanned from three different places to avoid gaps in the point cloud. To obtain a detailed scanner image, a 2 cm scanning resolution was chosen. Each of the three scans took about 2.5 h in Pınara. However, the scanning was allocated in two days because of the capacity of batteries. After the scanning process, the LIDAR provided a 3D image of the Roman theater in an x-y-z point cloud that includes ~ 5.5 million sample points (Fig. 37) . The resulting high-resolution 3D data allow deformations (e.g. tilting, dislocation, cracks) of the archaeological structures to be measured and/or calculated using the spatial analysis programs Surfer ® and Petrel ® .
The Roman theatre is oriented N-S and has a typical semicircle form with a radius of about 25 m; the opening (cavea) of the theatre is facing west. It originally had 27 seating rows, of which only 20 partially damaged (i.e. tree roots, weathering) rows are preserved (Fig. 36) . Ten staircases divide the rows into nine sections (cunei). The original capacity was estimated at approximately 3200 seats (Wurster & Wörrle 1978) . In assessing the attitude of the seating rows of the theatre, the top surfaces of individual rows were selected from the data set, resulting in 20 subsets. Assuming that the theatre was accurately built, the top surfaces of each row would have originally lain in a horizontal plane. Any present-day deviation of this plane from horizontal is seen as an externally induced deformation.
To obtain a clean data set, erroneous data points that are related to vegetation, fallen stones, or other artefacts were removed. At some places, the seating rows are crosscut by fractures, along which individual seating blocks are severely tilted. Since we are interested in the overall attitude of the theatre, these blocks were removed from the data set as well. For each row, the range of the remaining z values (delta ; Table 13 ) is significant with respect to the LIDAR measurement error of 0.02 m, permitting the reconstruction of a best-fit plane through the data points. The best-fit planar surfaces and their dip and azimuth values were calculated using Petrel ® (Table 13 ). If Δz is greater than the measurement error of 2 cm, the difference in height is inferred to be significant. Mean value and standard deviation of seating rows. SD: standard deviation.
5.5.2
Results The compass data show a 360° spread in dip directions, although northerly directions dominate, with an average direction of N33E (Fig. 38a) . Dip angles vary between 1° and 5°, with an average of 2.6° (see Table 14 and Fig. 38) . A rearrangement of the data according to seating row number (in total 20 rows are preserved) shows that both dip direction and dip angle variations are non-systematic. This relatively large spread in data is due to the roughly weathered surfaces of the seating rows, inhibiting good compass measurements. In contrast, the seating row attitudes based on LIDAR data show a much narrower range in dip directions and dip angles (Fig. 39) . All 20 seating rows are tilted toward the NW (Fig. 40) , with angles ranging between 0.49° and 0.99°. Moreover, seating rows 1 -16 show an overall increase in dip angle from 0.49° to 0.96° (Fig. 39A ). This systematic increase in inclination is less apparent from rows 18 to 20. Rows 2 -16 also demonstrate an almost systematic counterclockwise rotation (decrease in dip direction) going from N319E to N298E (Fig. 39B) . The higher rows deviate from this trend in dip direction.
5.5.3
Data interpretation The systematic NW tilt of the seating rows in the Roman theater based on the LIDAR data requires an explanation (Fig. 40) . The mean dip angle of 0.81° is small, far below that what the human eye can detect. However, across the width of the theater (~ 20 m), this inclination approximates to 0.28 m (mean delta = 0.38 m) elevation difference. This value is significant, and it is considered too high to be explained by nonsystematic construction errors. The Romans are renowned for their engineering precision and used instruments like the groma, the dioptra, and the chorobates to establish exact vertical and horizontal alignments. Construction errors due to malfunctioning of these leveling tools, if at all, are expected to be neither large nor systematic. An alternative cause for the tilting of the theatre might be creep of a soft sediment substrate ("soil creep"). However, the theatre is founded on firmly cemented terrace conglomerates, a unit not likely to be affected by processes of slow and incremental creep. Coherent sliding of the entire terrace could be plausible, but this would require a tectonic mechanism that increased the underlying gradient, i.e., tilting, such that sliding could have been initiated. A mechanism for this gradient chance is fault-block rotation, and support for this tendency comes from the tilt direction of the seating rows, which is exactly perpendicular to the NE trending basinmargin fault (Figs. 35 and 36F ). The theatre is located only 250 m from this fault trace (Fig. 34B) , and displacement along its 60° inclined fault plane could have caused back tilting of the hanging-wall block. As a first approximation, it is assumed that for small offsets, the fault can be assumed planar and that a simple geometric relationship exists between fault offset and dip of the hanging wall. Using that approach and based on a 250 m distance and a mean seating-row dip of 0.8°, a total fault offset of 4.0 m is calculated. Since this simple approach does not take the effects of elastic response to fault slip into account, the offset value should be considered a maximum. Note that for listric faults, a rather complex geometrical relationship exists among the fault angle, offset, and the dip of sedimentary layers in the hanging-wall block (White et al. 1986 ). For planar domino-style normal faults, such a relationship also appears to be dependent on the dip of the basal detachment (Axen 1988) . Since the geometries of the basin-margin faults in the subsurface of the Eşen Basin are unknown, as is the presence of detachments faults, our simple geometrical approach is appropriate. The linear relationship among fault displacement, moment magnitude, and fault-rupture length given by Wells and Coppersmith (1994) infers that a total fault displacement of 4.0 m equates to a M ~7.4 earthquake and a surface rupture of ~50 -60 km. The ~20 km fault length of this fault and the VIII-IX (MSK) damage intensity in the ancient city of Pınara indicate that earthquake magnitudes would not have exceeded M ~6.5. Figure 40 Cross section showing seating row heights of the Roman theatre projected in a N134E -N314E transect, i.e., in the maximum dip direction. All 20 rows show a significant and systematic tilt toward the NW. Note that the projection plane and dip direction are at an angle of 46° with respect to the N-S oriented theatre, such that multiple sections are projected at the same distance from origin (0). Small steps in the height profile are due to small faults observed in the theatre (see also Fig. 36B ).
This implies that more than one earthquake event is responsible for the total fault displacement and tilt of the theatre. This inference is supported by the record of historical earthquakes, which describes three large earthquakes in ancient times in 141, 240, and 1850 AD, respectively. However, it should be considered that fault slip that is integrated over several earthquake cycles may contain a contribution from surface processes (erosion and sedimentation) as well (Maniatis et al. 2009 ). Up to 15% of the total displacement can be attributed to footwall erosion, and disregarding this effect may lead to overestimation of the surface rupture and thus the earthquake magnitude. The systematic increase in dip angle and decreasing dip direction of rows 1 -16 (Fig. 39) is not explainable by a fault-directed tilt of the theatre alone. Instead, it suggests that outward bending of the theatre side walls also plays a role (Figs. 36D-E) . This mechanism may have enhanced the faultinginduced tilt. An obvious drop in the dip angle of seating rows 17 -20 (mean value of 0.69°), compared to rows 1 -16 (mean value 0.84°), can, for instance, be explained by a tilting event during the construction of the theatre, i.e., during the Roman period. Alternatively, the abnormal azimuth and dip values of the upper four rows may be related to more severe outward bending. The latter explanation is corroborated by a higher number of tilted and dislocated blocks due to roots of vegetation in the upper reaches of the theatre (see Fig. 37A ).
Conclusions
High resolution data from the Roman theatre at Pınara were used to reveal a systematic deviation of the theatre seating rows from a normal, i.e., horizontal position. Discarding the possibility of manmade construction errors or soil creep, a causal relationship between the tilt of the seating rows and slip at the nearby basin-margin fault could be envisaged. The past occurrence of several damaging earthquakes is substantiated by historical records, and overall damage to the site provides a rough guide for approximate magnitudes. This first attempt to use LIDAR data for quantitative computations is promising for future further application, such as geophysical modelling aimed at seeking a systematic relation among the seismic source, ground motion, and building response.
